Experimental and numerical results of a chloride ingress study conducted on samples drilled from different locations of a reinforced concrete slab, previously loaded until failure, are presented. The experimental part was carried on following the NT Build 492 standard for the non-steady state migration test, then a 3D model was developed using the Abaqus/Standard software based on the FEM in order to simulate chloride ingress in both uncracked and cracked concrete.
INTRODUCTION
The most widely used construction material in the world is reinforced concrete (RC). In the last decades a huge amount of money has been spent on repair or reconstruction of RC structures. As a consequence, a great interest in studying the durability issue of concrete has been shown.
It is known that in real life, most reinforced concrete structures are cracked (e.g. due to extreme loading, aggressive environment or poor workmanship during execution…) and also that chloride ingress and carbonation are the main causes of steel corrosion. Still, the influence of cracks on chloride penetration in RC structures is still not sufficient understood.
When studying the influence of cracks on chloride penetration most researchers focus either on the experimental aspect of this issue either on developing a numerical model that can accurately simulate chloride ingress into concrete.
Numerous experimental programs were developed in order to create cracks in sound concrete. Based on the crack preparation method found in literature, experimental studies can be roughly divided into two groups: destructive and non-destructive methods. Different destructive mechanical loading techniques are used in order to prepare cracks: wedge splitting test [1] three or four-point bending test [2] Brazillian splitting test [3] and expansive core method [4] . Non-destructive methods used to generate cracks in concrete include studies based on the positioning and removal of thin copper sheets before final setting of concrete [5] , or inducing a crack by saw-cutting concrete cylinders longitudinally [6] . Also, various numerical and modeling techniques were developed for analyzing the two or three-dimensional aspects of chloride ingress in cracked concrete by taking into account its different transport mechanisms. In most of the cases, the transport of chloride ions into concrete is considered as pure diffusion and it's solved as a one-dimensional in a semi-infinite medium according to Fick's 2nd law of diffusion and most numerical models adopt the geometrical patterns of the cracks in accordance with the samples used in the experiments. Based on the different existing procedures, they were classified by [7] in: rectangular crack, cracking wall acts as exposed surface [5] , [8] , rectangular cracks, width-dependent chloride diffusion coefficient in crack [9] , realistic crack, width-dependent chloride diffusion coefficient in crack [10] , load induced crack, width-dependant chloride diffusion coefficient in crack [11] . Some researchers considered not only diffusion as a transport mechanism, but also migration, convection/capillary suction, permeation, and chloride binding [12] .
Due to the fact that real cracks in concrete have a complex 3D geometry and their influence on transport and degradation mechanisms is not straightforward, very limited investigation of the influence of chloride diffusion on samples with real cracks has been conducted.
In present work the influence of real cracks in reinforced concrete structures subjected to chloride ingress is studied, by presenting both the experimental program and a numerical model that can accurately simulate chloride penetration in uncracked and cracked concrete samples.
EXPERIMENTAL PROGRAM

Sample preparation
40 cores of 100 mm diameter and 50 mm thickness were drilled from various locations of RC slab ( Figure 1 ) exposed to an artificial failure of the central support and subsequent vertical loading until collapse. A detailed description of the test set-up of the slab and the results for the experimental large-scale tests are described in [13] . The obtained samples can be categorized in four main groups: samples without cracks and without rebars (S) (a), samples with cracks and without rebars (SC) (b), samples without cracks and with rebars (SR) (c), samples with cracks and with rebars (SCR) (d), as it can be observed in Figure  2 , where a representative sample for each group is presented. 
Experimental test set-up and test procedure
Chloride ingress was simulated in the concrete samples by performing a non-steady state migration test, according to [15] . Prior testing, the samples were placed in a vacuum container for vacuum treatment for three hours to a pressure in the range of 10-50 mbar; afterwards with the vacuum pump still running, the container was filled with saturated Ca(OH)2 solution so as to immerse all specimens which was maintained for a further hour before allowing air to re-enter the container. The specimens were kept in the solution for 18±2 hours. A schematic representation of this procedure can be observed in Figure 3 . The samples were then placed in the reservoir and an external electrical potential of 30 and 35V was applied for 24 h, forcing the chloride ions from the 10% NaCl solution to migrate into the specimens.
Penetration depth
The chloride penetration profile was determined by using the colorimetric method [16] . First, all samples were split perpendicular to the crack path: samples type S were split in two, while samples type SR, SC and SCR were cut in 6 parts each; then, all cut parts were sprayed with 0.01N AgNO3 solution and the mean chloride penetration profiles were determined ( Figure 5 ). The average chloride depth (x d ) and the chloride depth near the crack (x c ) were determined. A more detailed description about this procedure can be found in [14] . A schematic representation of the chloride depths measurement in the middle of the sample is presented in Figure 6 . 
Experimental results
Based on the relations presented above the migration coefficients corresponding to the average chloride depth (Dd) and the chloride depth near the crack (Dc) were determined for each type of sample. Table 1 corresponds to the migration coefficients for reference samples and Table 2 
Measurement of crack width
In order to determine the crack width corresponding to each sample, the following procedure was used: cracks were made more visible by applying barium sulphate powder (BaSO 4 ) )-initially the samples were highlighted with a black marker where the cracks were located and then by applying the powder, this filled the cracks and due to the colour contrast cracks became more visible; then, using the optical microscope the crack width was measured in 5 different locations positioned at 2 cm distance from each other, both on the top and bottom surfaces. This procedure is illustrated in Figure 7 .
Surface measured average crack widths range from 104 to 372 µm for the top and bottom surfaces of the samples and from 63 to 311 µm for through-thickness of the sample. Table 3 presents the average values of the crack widths determined as a sum of the measurements determined at the top and bottom surface, while Table 4 presents the average values of the crack widths determined through-thickness of the samples.
A more detailed description of the experimental part presented in this research can be found in [16] . Fig. 7 . Measurement of the crack width determination procedure [16] Tab. 
Overview of numerical simulation
When simulating chloride transport in cracked concrete, three steps must be taken into consideration: creating the geometry of the crack, determining the chloride transport behavior and determining the numerical method to simulate chloride ingress.
The geometry of the model considered in the numerical simulation was realized taking into consideration the geometrical characteristics of the samples used in the experimental part: cylinders of 100 mm diameter and 50 mm thickness were used in the numerical model. Also, parameters such as: the diffusion coefficient D, initial chloride concentration c and applied chloride concentration C, determined from the experimental part were used as simulation parameters.
Simulation of chloride penetration in uncracked concrete
Three models having the geometric characteristics previously described in Section 3.1 were considered in order to simulate chloride penetration in sound concrete, in accordance with the reference samples used in the experimental part. 3D 20-node quadratic elements of 2 mm × 2 mm × 2 mm were used to create the mesh. In order to simulate chloride ingress in accordance with the experimental procedure, the following boundary conditions were considered: on the top surface, a total chloride concentration of 22.045 kg/m 3 corresponding to the 10% NaCl solution was applied, while the other surfaces were considered insulated (0 flux), this being the default condition in Abaqus for mass diffusion. As earlier mentioned in Section 3.1, the diffusion parameters used as simulation parameters were determined experimentally. The diffusivity constants were previously presented in Table 1 . In order to determine the value of the initial chloride concentration of 0.03%, corresponding to ci= 0.7955 kg/m 3 , titration was used following the method of [17] , then an exponential interpolation was applied to determine the concentration corresponding to the same concentration that was obtained using the silver nitrate solution (1.70 kg/m 3 ). Figure 8 presents the chloride concentration distribution and the applied boundary conditions. Fig. 8 . Applied boundary conditions and chloride concentration distribution [14] Comparisons between experimental and numerical results on chloride penetration were made and the numerical results were found to be in good agreement with the experimental ones ( Figure 9 ). 
Simulation of chloride penetration in cracked concrete
For simulating chloride ingress in cracked concrete, the geometric characteristics of sample type SR: Sample 4 was considered. The same numerical simulation procedure previously described in Section 3.2 was followed, with the difference that the geometry consists in a disc, which is actually half the cylinder of 100 mm diameter and 50 mm thickness previously presented. This simplification was made because it can be observed that the crack passes right through the middle of the sample. Also, in accordance with the experimental part, the disc was divided into 6 parts. The chloride concentration was applied both on the top and the left surface, considered to be the crack edge, due to the fact that in the present study it was concluded that the considered transecting cracks behave like a free concrete surface exposed to chloride ingress. The same conclusion was found in the study of [18] . The value of the diffusivity constant is D= 6.1 × 10-12 m 2 /s, the medium value of the three diffusion coefficient values, determined in the non-steady state migration test on reference samples type S. The simulation time was calculated with equation (3), based on the diffusion coefficient and the mean penetration experimentally obtained as in the studies of [5] . Figure 11 presents the chloride concentration distribution. Fig. 11 . Chloride concentration distribution [14] Comparisons between experimental and numerical results on chloride penetration are further presented in Figure 12 . 
CONCLUSIONS
As a conclusion, based on the numerical results which agree fairly well with the experimental ones, it can be said that the proposed numerical model seems to be a good tool to simulate chloride ingress in uncracked and cracked concrete.
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